Introduction {#Sec1}
============

Over the last decade, nanosatellite missions have increased vividly for low earth orbit space missions. This concept has been very enthusiastic to the scientific, private, and government missions due to miniature electronics size with low-cost and low power consumption^[@CR1]^. Nanosatellite space missions are being fruitful in coastal and inland critical observation of natural disaster, monitoring agri-environmental and agriculture conditions, and space atmosphere observation. Every nanosatellite has some common functions for satellite operations like power system, uplink-downlink communications, and altitude control. The antenna is the key element of the uplink-downlink communications between satellite and Earth. The inherent relation between lower frequency and antenna size compels antenna researchers to compromise with antenna gain and efficiency for compliance with the CubeSat standards. So, antenna design for nanosatellites has been a critical issue to the CubeSats researchers, especially for lower frequency^[@CR2]^. Deployable wire antennas like monopoles dipoles, helical and Yagi--Uda arrays antennas are widely used in recent nanosatellite missions^[@CR3]^. But mechanical deployment is quite sophisticated and this might increase the chance of mission failure^[@CR4]^. Several nanosatellite missions have been failed due to antenna deployment complexity^[@CR5]--[@CR7]^.

In contrast to the deployable antenna, patch antenna provides a low profile and improve the mission reliability; and makes the patch antennas are a good replacement of wire antennas. However, UHF patch antenna occupies large amount the nanosatellite body surface and introduce complexity to integrate sufficient solar cells. So, designing a small size ultra-high frequency (UHF) patch antenna strategically integrated with the satellite body and that do not require mechanical deployment has become a big challenge for nanosatellite and antenna researchers. Several research efforts have been devoted to designing a miniature UHF patch antenna with good impedance bandwidth, efficiency, and gain. Reactive impedance surface based U-slot patch antenna is one of them^[@CR8]^, where the antenna achieved lower UHF band (410--485 MHz) with antenna size reduction. However, the area of the antenna is 220 × 220 × 20 mm^3^ and the antenna is incompatible with CubeSat structure. In^[@CR9]^, to reduce the conventional RIS antenna size two-layer mushroom-like RIS is presented for 400 MHz UHF wireless communication, where the size is 66 × 66 × 11.2 mm^3^. Though the technique reduced the antenna size, antenna higher antenna height remains a critical issue for nanosatellite communication. Meander line technology facilitates achievement of the lower band with small antenna size^[@CR10]^. However, this type of antenna does not work effectively when embedded in the complex structure and would degrade its radiation efficiency. To overcome this problem, epsilon-and-mu-near-zero (EMNZ) metamaterial has been developed and included in the ground plane of the antenna.

There have been a lot of research efforts since the last decades in the field of artificially engineered materials that show infrequent properties and do not readily exist in nature^[@CR11]--[@CR14]^. The unique properties metamaterial such as negative permittivity, permeability, refractive index or double negative characteristic have been utilized to improve antenna characteristics. Besides, metasurfaces structure, another form of engineered materials has been utilized to enhance antenna performance^[@CR15]^, linear to circular polarization convertion^[@CR16]^, and wavefronts control^[@CR17]^, etc. Now, researchers show their interest in another type of engineered material known as near-zero-metamaterials. This is the type of metamaterials whose metamaterial characteristics are near to zero like epsilon-near-zero (ENZ)), mu-near-zero (MNZ)), or both epsilon-and-mu-near-zero (EMNZ)^[@CR18],[@CR19]^. Metamaterial with individual ENZ or MNZ shows impedances mismatch in the free space, which occurs high reflectance, high impedance and high loss^[@CR20]^. However, EMNZ has low loss since the impedance is matched with free space. This type of metamaterial has been efficiently used in the field of antenna and wave propagation for enhancing the radiation efficiency, antenna size miniaturizing, coupling effect reduction, or for modifying the radiation patterns^[@CR20]--[@CR23]^.

In this paper, an EMNZ metamaterial inspired printed patch antenna is proposed for the lower UHF communication system. This antenna is inspired from a conventional meander line patch antenna with EMNZ metamaterial ground plane to improve efficiency and impedance matching over the desired frequency range. Moreover, a technique using metamaterial array elements reduce the EM coupling with nanosatellite structure of the conventional meander line antenna, while maintaining good impedance matching and efficiency for the UHF communication system. Moreover, the antenna is designed to fit into commercially available nanosatellite structures to mitigate antenna deployment complexity.

Antenna Design Methodology {#Sec2}
==========================

The meander-line antenna concept is to fold the conductors back and forth to reduce antenna physical size. The resonant frequency of the conventional meander line antenna can be achieved by increasing the width of the meander line which leads the capacitance to the ground plane or increasing the meander line section to generate effective self-inductance for lower frequency adjustment. In this proposed design, the main parameters have been optimized by tuning line width, number of folds, the distance between folds to reduce the antenna size. As the physical dimension of the antenna is reduced, the antenna radiation efficiency and bandwidth are also decreased. To enhance radiation performance, EMNZ metamaterial structure has been used in the ground plane of the antenna. The performance of the proposed antenna has been characterized using CST microwave studio software and the prototype meander line antenna has been fabricated on Rogers 5800 dielectric, which has a thickness of 1.575 mm, a relative permittivity of 2.2, and loss tangent of 0.0013. The antenna geometry is depicted in Fig. [1](#Fig1){ref-type="fig"}. The initial antenna considered partial ground plane-based meander line to achieve lower UHF frequency resonator. However, the partial ground plane has a direct effect on complex circuit and structure. The resonant frequency might shift and also reduce the efficiency while the antenna placed in a close proximity to the metallic structure^[@CR24],[@CR25]^. To reduce this effect EMNZ metamaterial structure has been placed in the ground plane of the antenna. The array configuration of the metamaterial unit cell has been optimized until the desired antenna reflection coefficient and efficiency has been achieved. Moreover, the antenna has an omnidirectional radiation pattern, which has also been accomplished by the defected ground structure of EMNZ metamaterial array. The evolution stages are illustrated in Fig. [2](#Fig2){ref-type="fig"}, and the corresponding reflection coefficient is presented in Fig. [3](#Fig3){ref-type="fig"}. Figure [3](#Fig3){ref-type="fig"} demonstrates that the operating frequency of the antenna has been tuned at 401 MHz and observed the corresponding reflection coefficient. The proposed antenna has been optimized for 401 MHz operating frequency with 80% total radiation efficiency and the optimized design parameters are listed in Table [1](#Tab1){ref-type="table"}.Figure 1Proposed metamaterial antenna configuration (**a**) Top view, (**b**) bottom view and (**c**) metamaterial structure.Figure 2Design evolution of the proposed UHF antenna: (**a**) antenna 1, (**b**) antenna 2, (**c**) antenna 3 and (**d**) antenna 4.Figure 3Investigation on reflection coefficient at the different design stages.Table 1Optimized antenna design parameter.ParameterValue (mm)ParameterValue (mm)*L*80*l*22.00*L* ~1~39.12*a*10.00*L* ~2~8.6*b*9.50*L* ~3~7.5*c*4.50*L* ~4~24*d*3.75*L* ~*f*~10.4*e*5.25*W*45*f*3.00*W* ~1~1.78*g* ~1~0.25*W* ~2~2.72*g* ~2~0.50*h*1.575*g* ~3~0.75*g*0.75

EMNZ Metamaterial characterization {#Sec3}
==================================

The proposed metamaterial is composed of thin metallic arms and split resonant rings (SRRs). The outer metallic arms are utilized to realize electric resonance and effective ε-near-zero (ENZ), and the interconnected split ring resonators are used to realize magnetic resonance and effective μ-near-zero (MNZ), so the designed structure shows the properties of an impedance-matched near-zero-index metamaterial with ENZ and MNZ simultaneously. The metamaterial structure has been designed and simulated using CST Microwave Studio. Perfect electric conductor (PEC) and perfect magnetic conductor (PMC) boundary conditions are used along X and Y axis, respectively and two waveguide ports have been assigned in Z-direction according to^[@CR26],[@CR27]^. The electromagnetic parameters of the proposed metamaterial have been retrieved using the following equations ([1](#Equ1){ref-type=""}--[9](#Equ9){ref-type=""}) of robust metamaterial parameter extraction method^[@CR27],[@CR28]^. In Fig. [4](#Fig4){ref-type="fig"}, the metamaterial parameters for the unit cell are depicted, where it can be observed that the proposed structure shows permittivity, permeability and refractive index value of −0.005, 0.009, and −0.007, respectively. The metamaterials constitutive parameters show near-zero permittivity (ENZ), near-zero permeability (MNZ), and near-zero refractive index. Moreover, the metamaterial performance has been investigated for unit cell, 1 × 2, 2 × 2, and 3 × 2 array configuration using unit cell simulation setup, where 1 × 2-unit cell array, 2 × 2-unit cell array and 3 × 2- unit cell array configuration shows EMNZ metamaterial characteristics, depicted in Figs [5](#Fig5){ref-type="fig"}--[7](#Fig7){ref-type="fig"}, respectively. The summary of the study is listed in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}.$$\documentclass[12pt]{minimal}
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Antenna Performance Analysis {#Sec4}
============================

The antenna has been fabricated according to the optimized parameters listed in Table [1](#Tab1){ref-type="table"}, illustrated in Fig. [8](#Fig8){ref-type="fig"}. A 50 Ohm micro-miniature coaxial (MMCX) connector is connected to feed the antenna. The connector height is 4.5 mm from the ground plane and diameter is 2.54 mm, which is compatible with small ground plane and nanosatellite structure. The reflection coefficient of the proposed antenna has been measured using performance network analyzer (N5227A) that was calibrated using Electronic Calibration Module (N4694-60001). The simulated and measured reflection coefficient of the antenna has been analyzed, shown in Fig. [9](#Fig9){ref-type="fig"}. The proposed antenna has achieved −10 dB impedance bandwidth of 14.92 MHz (391 MHz--405.92 MHz).Figure 8Fabricated prototype of the optimized metamaterial antenna.Figure 9Simulated and measured reflection coefficient.

The surface current of the antenna without and with metamaterial has been investigated, shown in Fig. [10](#Fig10){ref-type="fig"}. It is seen that a strong current is observed in meander line of the metamaterial antenna than without metamaterial antenna. It is predicted that the EMNZ structure has driven the surface current and act as strong radiation elements. Hence, the meander line with metamaterial radiated stronger radiation fields than without metamaterial antenna and contribute to improve the radiation efficiency and gain of antenna.Figure 10Surface current distribution at 401 MHz- (**a**) without metamaterial and (**b**) with metamaterial.

The antenna far-field characteristics have been investigated using Satimo near-field measurement system. The simulated and measured radiation patterns at 401 MHz with and without metamaterial are presented in Fig. [11](#Fig11){ref-type="fig"}. As it is expected, the antenna has approximately a dipole-like radiation pattern for conventional meander line antenna, Fig. [11(a)](#Fig11){ref-type="fig"} and realized gain of 1.44 dB is observed at 401 MHz. Moreover, when the EMNZ array structure placed at the antenna relatively strong current distributions are seen on the meandered line. Thus, stronger radiation is observed in boresight direction and the radiation pattern shifted from conventional one. In addition, the antenna shows simulated realized gain of 1.77 dB and measured the gain of 1.65 dB. Both simulated and measured radiation patterns are in good agreement.Figure 11Radiation pattern at 401 MHz- (**a**) simulated pattern without metamaterial. (**b**) Simulated pattern with metamaterial and (**c**) measured pattern with metamaterial.

Antenna performance with Nanosatellite Structure {#Sec5}
------------------------------------------------

The antenna has been integrated with 2U nanosatellite structure, illustrated in Fig. [12](#Fig12){ref-type="fig"}. The 2U nanosatellite structure was designed according to the Japan Aerospace Exploration Agency (JAXA) standard. The structure was considered as 227 +/− 0.1 mm tall (+Z axis), 100 +/− 0.1 mm wide (+X, +Y axes) and maximum weight was 2.6 Kg. Aluminium 7075 material was considered for the nanosatellite frame structure. The solar panels are connected with the back-plane board of the structure, which is FR-4 substrate material. The antenna has been mounted on the backplane using RTV glue (Room-Temperature-Vulcanizing glue). The UHF antenna performance has been investigated with nanosatellite structure for both antenna 1 (without EMNZ) and antenna 4 (proposed). The antennas have been tuned at 401 MHz with 2U nanosatellite structure, illustrated in Fig. [13](#Fig13){ref-type="fig"}. The corresponding total efficiency of 45% and 57.7% has been realized for without EMNZ and with EMNZ structure, respectively. It is interesting to observe that the antenna total efficiency with 2U nanosatellite structure is improved by 12.7% after integrating EMNZ metamaterial structures.Figure 12Antenna attachment with 2U nanosatellite structure- (**a**) simulation and (**b**) fabricated.Figure 13Antenna performance with nanosatellite structure- (**a**) reflection coefficient and (**b**) total efficiency.

In addition, the radiation pattern of the antenna with the nanosatellite structure has been investigated for both 'with and without metamaterial' antenna, shown in Fig. [14](#Fig14){ref-type="fig"}. Both the radiation patterns are perturbed by nanosatellite structure and increased cross-polarization label with respect to free space condition. Compared with metamaterial-less (without metamaterial) antenna, the pattern is more spherical and provide more coverage of area of interest. Moreover, the realized gain obtained by without and with metamaterial antenna is 0.505 and 1.15 dB, respectively.Figure 14Normalized radiation pattern of the proposed antenna with nanosatellite structure- (**a**) without metamaterial and (**b**) with metamaterial.

Moreover, the measured and simulated reflection coefficient bandwidth of the proposed antenna with 2U nanosatellite structure is 15 MHz (391--406 MHz) and 25 MHz (388--413.5 MHz), respectively. It is seen from Fig. [15](#Fig15){ref-type="fig"} that both results agree reasonably well, except little frequency shifting issue. Though both results ensure operating frequency, the resonant frequency discrepancy is acceptable considering fabrication and assembly tolerance. A summary of the antennas mounted on nanosatellite structure is tabulated in Table [4](#Tab4){ref-type="table"}.Figure 15Measured and simulated reflection coefficient of the proposed antenna with nanosatellite structure.Table 4A summary of the antennas mounted on nanosatellite structure.Antenna performanceWithout metamaterialWith metamaterialOperating frequency (MHz)386--404.5391 MHz--405.92Realized gain (dB)0.5051.15Efficiency (%)4557.7Frequency shift with different structures (MHz)25--353--5

Antenna Signal Propagation Test {#Sec6}
-------------------------------

The Free Space Path Loss (FSPL) using variable attenuation has been conducted to estimate the maximum signal propagation of the proposed antenna with active nanosatellite. The FSPL has been calculated considering LEO orbit nanosatellite (400 km). The free space path loss has been calculated using the Friis transmission equation^[@CR29]^ and represented in equation ([10](#Equ10){ref-type=""}).$$\documentclass[12pt]{minimal}
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The FSPL analysis using the proposed antenna is illustrated in Fig. [16(a)](#Fig16){ref-type="fig"}. The signal modulation system is shown in Fig. [16(b)](#Fig16){ref-type="fig"}. The active satellite with communication board has been placed on the anechoic chamber's turntable and proposed antenna (Tx) is transmitting signal. The receiving antenna (Rx) is positioned in the Horizontal orientation and connected to the Receiver through a variable attenuator. Attenuation increased gradually until the demodulation of the transmitted signal is no longer possible. The maximum attenuation value at which the receiver can demodulate the signal represents the signal strength of the transmitter antenna, which can address the maximum path loss. The SS power has been calculated by integrating over 100 kHz bandwidth. Care was taken to ensure that the RF power at receiver input never exceeds over −30 dBm and RF power received by the demodulator doesn't exceed over −50 dBm for extended time period to protect the devices.$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{Gain}}\,{\rm{of}}\,{\rm{the}}\,{\rm{proposed}}\,{\rm{antenna}}\,{\rm{at}}\,401\,{\rm{MHz}}\,({{\rm{G}}}_{{\rm{Tx}}})=1.65\,{\rm{dBi}}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{Gain}}\,{\rm{of}}\,{\rm{receiving}}\,{\rm{antenna}}\,{\rm{in}}\,{\rm{anechoic}}\,{\rm{chamber}}\,{\rm{at}}\,401\,{\rm{MHz}}\,({{\rm{G}}}_{{\rm{Rx}}})=6.9\,{\rm{dBi}}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{Ground}}\,{\rm{station}}\,{\rm{antenna}}\,{\rm{gain}}\,{\rm{at}}\,401\,{\rm{MHz}}\,({G\mbox{'}}_{{\rm{Rx}}})=18\,{\rm{dBi}}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{Free}}\,{\rm{Space}}\,{\rm{Path}}\,{\rm{loss}}\,({\rm{FSPL}})\,{\rm{in}}\,{\rm{the}}\,{\rm{chamber}}\,(360\,{\rm{cm}}){\rm{at}}\,401\,{\rm{MHz}}=27.1\,{\rm{dB}}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{FSPL}}\,{\rm{at}}\,{\rm{orbital}}\,{\rm{altitude}}\,(400\,{\rm{km}})\,{\rm{at}}\,401\,{\rm{MHz}}=116.8\,{\rm{dB}}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{array}{c}{\rm{Extra}}\,{\rm{attenuation}}\,{\rm{required}}\,{\rm{to}}\,{\rm{achieve}}\,{\rm{signal}}\,{\rm{level}}\,{\rm{estimation}}\\ =\,{\rm{Orbital}}\,{\rm{FSPL}}\mbox{--}{\rm{FSPL}}({\rm{Chamber}})\,-{G\mbox{'}}_{{\rm{Rx}}}+{{\rm{G}}}_{{\rm{Rx}}}\\ =\,116.8-27.1-18+6.9\\ =\,78.6\,{\rm{dB}}\end{array}$$\end{document}$$The attenuation level of the proposed antenna has been compared with conventional wire monopole antenna. From Fig. [17](#Fig17){ref-type="fig"}, it is shown that the proposed antenna signal transmission capability is higher than wire monopole antenna. The receiver can demodulate the transmitting signal up to maximum attenuation of 98 dB.Figure 16FSPL performance investigation of the nanosatellite using proposed antenna, (**a**) measurement layout and (**b**) Signal demodulation.Figure 17Maximum FSPL analysis using the proposed antenna and wire monopole antenna.

Discussion {#Sec7}
==========

The contributions of the proposed antenna are highlighted in this section. A comparison of the proposed antenna with some existing UHF nanosatellite antennas is presented in Table [5](#Tab5){ref-type="table"}.Table 5A comparison of the presented antenna with different UHF nanosatellite antennas.ReferenceAntenna type & Size (mm)Operating band (MHz)Realized gain (dB)RemarksLiu *et al*.^[@CR32]^Printed patch 320 × 80 × 3.17427.38--437.172.12incompatible with 1U and 2U structure due to larger antenna sizeKakoyiannis *et al*.^[@CR33]^Microstrip patch 170 × 120 × 6.4435--4370.7incompatible with 1U and 2U structure due to larger antenna sizePodilchak *et al*.^[@CR34]^Microstrip Patch150 × 150 × 37384--4100.4incompatible with 1U and 2U structure due to larger antenna sizeCostantine *et al*.^[@CR35]^Deployable helix Helix heigh:5003658High performance antenna but not compatible with 1U structureAlam *et al*.^[@CR36]^3D-type antenna398 MHz -- 405 MHz1.18compatible with 1U and 2U structure but have design complexityBIRDS-I CubeSat antenna^[@CR31],[@CR37],[@CR38]^Printed patch 72 × 32 × 1.575418--4480.55compatible with 1U and 2U structure but mission incomplete due to low efficiency and frequency shifting issueProposed antennaPrinted patch 80 × 45 × 1.575391 MHz -- 405.921.77compatible with 1U and 2U structure Free from deployable complexity

Deployment complexity free {#Sec8}
--------------------------

RF failures in nanosatellite antenna have been reported by several incidents that have been occurred due to unsuccessful antenna deployment^[@CR6],[@CR30]^. The established deployment mechanism is burn-wire method, but it is quite sophisticated to test in laboratory environment. The proposed patch antenna with compact size of 45 × 80 × 1.575 mm^3^ can mitigate this issue.

Enhanced patch Antenna performance {#Sec9}
----------------------------------

The proposed antenna holds the potential for smooth communication between nanosatellite and the Earth, as it provides substantially higher gain and efficiency with only 45 × 80 mm^2^ antenna dimension. The antenna addresses the frequency shifting issue that happens frequently in nanosatellite patch antenna and makes the mission risky^[@CR31]^.

Ensure smooth communication {#Sec10}
---------------------------

This research also emphasised on the nanosatellite communication test using the antenna that proves the validity of the antenna's real-time performance. The satellite ground station receiver can demodulate the transmitting signal up to maximum attenuation of 98 dB, which is 20 dB higher than required marginal Free Space Path Loss (FSPL). Moreover, the lab prototype of the antenna has undergone a vibration test while embedded with nanosatellite structure that proves the robustness of the antenna.

Conclusion {#Sec11}
==========

In this paper, an EMNZ metamaterial has been developed and integrated on the conventional meander line antenna ground plane to reduce the coupling effect with external auxiliary elements. The computational analysis of EMNZ metamaterial properties has been investigated for both unit cell and array configurations. The studies indicate that, compared with the conventional antenna, the proposed EMNZ structure has extended the antenna total efficiency by 12% without shifting resonant frequency. The free space path loss analysis has been performed to verify the feasibility of the proposed antenna for nanosatellite communication system.
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